We wish to constrain the main physical properties of the photodissociation region (PDR) IC 63. We present the results of a survey for the lowest pure-rotational lines of H 2 with the Short Wavelength Spectrometer and for the major fine-structure cooling lines of O I at 63 and 145 μm and C II at 157.7 μm with the Long Wavelength Spectrometer on board the Infrared Space Observatory (ISO) in the high-density PDR IC 63. The observations are compared with available photochemical models based on optical absorption and/or millimetre emission line data with and without enhanced H 2 formation rate on grain surfaces. The cloud density n H is constrained by the fine-structure lines. The models include both collisional excitation and ultraviolet (UV) pumping of the H 2 ro-vibrational levels. Molecular pure-rotational lines up to S(5) are detected. The inferred column density of warm H 2 at 106 ± 11 K is (5.9 ± 1.8) +0.9 −0.7 × 10 21 cm −2 , while that of the hot component at 685 ± 68 K is (1.2 ± 0.4) × 10 19 cm −2 . Finestructure lines are also detected in the far-infrared spectrum of IC 63. The fine-structure lines constrain the density of the PDR to be (1-5) × 10 3 cm −3 . The impinging UV field on the PDR is enhanced by a factor of 10 3 compared to the mean interstellar field and is consistent with direct measurements in the UV. PDR models that include an enhanced H 2 formation at high dust temperature give higher H 2 intensities than models without enhancement. However, the predicted intensities are still lower than the observed intensities.
I N T RO D U C T I O N
Photodissociation regions (or photon-dominated regions, PDRs) are regions of the interstellar medium where hydrogen is neutral (in the form of H I or H 2 ) and exposed to far-ultraviolet (FUV) radiation (6 < hν < 13.6 eV) from nearby O or B stars or from the interstellar radiation field. PDRs include diffuse clouds (A V < 1 mag) and translucent clouds (A V < 2 mag) as well as the skin of dense molecular clouds. In these regions, the FUV radiation field controls the thermal balance and the chemistry.
Results from the Short Wavelength Spectrometer (SWS) on board the Infrared Space Observatory (ISO) 1 have shown that the pure E-mail: wfdt@roe.ac.uk †Scottish Universities Physics Alliance. 1 ISO is an ESA project with instruments funded by ESA Member States (especially the PI countries: France, Germany, the Netherlands and the United Kingdom), with the participation of ISAS and NASA.
rotational lines of H 2 are readily detected in PDRs (Timmermann et al. 1996; Bertoldi 1997; van Dishoeck 2004) . Recent observations with ground-based telescopes spatially resolved the H 2 emission in the Orion Bar (Allers et al. 2005) .
Other studies have focused on observations of fine-structure lines with the Long Wavelength Spectrometer (LWS; e.g. Emery et al. 1996; Liseau et al. 1999; Vastel et al. 2001 ). These observations refer to molecular clouds with densities n H > 10 4 cm −3 , exposed to intense ultraviolet (UV) radiation from nearby bright stars with an enhancement factor I UV ≥ 100 relative to the average interstellar background starlight (e.g. Draine 1978) . Much less attention has been paid to the weakly illuminated clouds of lower density, which may contain a large fraction of the molecular gas in galaxies (Valentijn & van der Werf 1999) . This dilute molecular gas may fill much of the volume not occupied by self-gravitating giant molecular clouds and includes the diffuse and translucent clouds that are not gravitationally bound (e.g. van Dishoeck & Black 1989; Wolfire et al. 1995) . A good understanding of the physical conditions in the diffuse molecular gas is needed to determine their role in global C 2009 The Authors. Journal compilation C 2009 RAS star-forming activity and galactic evolution (e.g. McKee 1989; Li et al. 2002) . The physics and chemistry of PDRs are relatively well understood and detailed models which include radiative transfer and chemistry abound in the literature (see Röllig et al. 2007 , for a description of a few PDR codes).
The pure rotational lines of H 2 accessible with the ISO-SWS form an important new diagnostic tool of these regions as well as a test of H 2 formation efficiency at high temperature on grain surfaces. In particular, the H 2 J = 2 and 3 levels lie at 510 and 1015 K, respectively, and are thus excellent tracers of the warm (≥100 K) gas component located in the outer layer of PDRs. Observations of H 2 rotational and ro-vibrational lines reveal that PDRs contain unexpectedly large amounts of very warm (400-700 K) molecular gas. Models of spatially resolved H 2 emissions in the Orion Bar suggest that dust attenuation or photoelectric heating should be enhanced (Allers et al. 2005) .
In the outer layer of PDRs almost all of the gaseous carbon and oxygen are in the form of C + and O 0 . (at 34.8 μm) . The observations of the fine-structure lines constrain the density and UV field I UV . This paper presents observations of pure-rotational H 2 lines with ISO-SWS and of the fine-structure lines with ISO-LWS. The IC 63 results will be compared with those for the S140 PDR, which is thought to have a similar density and radiation field (Timmermann et al. 1996) , and with recent PDR models. Thi et al. (1997) reported early results on the H 2 line emissions in IC 63.
IC 63 is a small comet-shape reflection nebula with A V 7 mag situated at a distance of ∼230 pc. It is exposed to FUV radiation (I UV ≈ 650 with respect to the Draine field) from the B0.5 star γ Cas located at a distance of 1.3 pc from the cloud. The observed molecular lines in the (sub)millimetre are narrow, V ≈ 1 km s −1 , indicating the absence of shocks. The size of the cloud as mapped in 12 CO J = 3 → 2 is 40 × 20 arcsec 2 or 0.04 × 0.02 pc 2 . The fact that it is isolated and nearby with a simple geometry makes it one of the simplest, best-characterized PDRs.
IC 63 has been studied intensively by Jansen, van Dishoeck & Black (1994) and Jansen et al. (1996) , who observed a large variety of molecular lines to constrain the physical and chemical structure. One-and two-dimensional PDR models have been constructed by Jansen et al. (1995) . The density is ∼5 × 10 4 cm −3 as derived from molecular line ratios and the temperature is found to decrease from ∼200 K at the edge to ∼10 K in the centre. This temperature profile reproduces well the 13 CO J = 6 → 5 data for this cloud. Using the International Ultraviolet Explorer (IUE) satellite, Witt et al. (1989) observed the UV fluorescence of H 2 and more recently, Hurwitz (1998) detected other fluorescence lines between 900 and 1200 Å using the Berkeley spectrograph aboard the ORPHEUS II mission. Luhman et al. (1997) observed three near-infrared (IR) ro-vibrational H 2 emission lines. These line intensities are well reproduced by an H 2 excitation model that takes UV pumping and collisional processes into account. France et al. (2005) resolved the individual H 2 rotational fluorescence lines towards IC 63 using the far-UV satellite FUSE, calibrated with a rocket sounding experiment. Karr, Noriega-Crespo & Martin (2005) analysed ISOCAM circular variable filter (CVF) images of the IC 63 region. They detected strong PAHs emission as well as H 2 S(3) and S(5) emission.
The paper is organized as follows. The observations and data reduction are described in Section 2. The results for IC 63 are modelled and discussed in Section 3. The conclusions of this work are provided in Section 4.
O B S E RVAT I O N S A N D DATA R E D U C T I O N
The observations were performed with the SWS grating mode SWS02 (de Graauw et al. 1996) . The spectral resolving power for extended sources is 1500 at the S(0) line and 1800 and at the S(1) line, respectively. Typical integration times amount to 100 s line −1 . These are among the deepest integrations performed with the SWS. The H 2 lines are predicted to be weak and close to the sensitivity limit of the SWS instrument. At this level, noise caused by charged particle impacts on the detectors plays a large role. Special software designed by Valentijn & Thi (2000) has been used to handle glitches and dark current fluctuations, together with the standard Interactive Analysis Package. The flux uncertainty is of the order of 30 per cent, mostly caused by fluctuation of the dark current (Leech et al. 2001 ). The quality of the data varies from orbit to orbit due to the effects of 'cosmic weather'. The SWS apertures are 20 × 27 arcsec 2 at S(0), 14 × 27 arcsec 2 at S(1) and 14 × 20 arcsec 2 at the S(3) and S(5) lines and are considerably smaller than the LWS beams (see Table 1 ).
IC 63 was also observed with the LWS from 45 to 200 μm. The data presented here were taken from the ISO archive. The Table 1 . Lines observed by ISO-SWS and ISO-LWS.
Line
Wavelength instrumental characteristics are described by Clegg et al. (1996) , and the calibration of the ISO-LWS instrument is given by Swinyard et al. (1996) . The LWS data were reduced using the Off-Line Processor, version 8.7. The LWS spectra are flux calibrated using Uranus and the photometric uncertainty is estimated to be better than 30 per cent (Swinyard et al. 1998) . The spectra were obtained in grating mode at a resolving power of 250.
R E S U LT S A N D D I S C U S S I O N

Fine-structure lines
Spectra of the main cooling lines O I (63 μm), O I (145 μm) and C II (157 μm) are shown in Fig. 1 . The lines are detected with high signal-to-noise ratio. Table 1 gives the parameters of the observed lines while Table 2 summarizes the measured intensities. The ISO-LWS C II intensity agrees quite well with that found by Keene et al. (1985) from the Kuiper Airborne Observatory: 1.4 × 10 −4 compared with 1.0 × 10 −4 erg s −1 cm −2 sr −1 with ISO-LWS. The small difference can probably be ascribed to different beam sizes. The line ratios, O I (63 μm)/C II = 1.67 ± 0.5 and O I (145 μm)/O I (63 μm) = 0.06 ± 0.02, together with the known UV field of the PDR can be used to further constrain the mean density. We have compared Table 2 . H 2 fine-structure line intensities, and continuum fluxes measured toward IC 63.
Line
Intensity Continuum flux (10 −5 erg s −1 cm −2 sr −1 ) (erg s −1 cm −2 μm −1 ) O I 3 P 1 → 3 P 2 16.9 ± 3.2 a 20.0 × 10 −19 O I 3 P 0 → 3 P 1 1.1 ± 0.2 5.5 × 10 −19 C II 2 P 3/2 → 2 P 1/2 10.1 ± 3. our results to the published grid of PDR models by Kaufman et al. (1999) . These calculations incorporate new collision rates for finestructure lines and H 2 , new polycyclic aromatic hydrocarbon (PAH) heating and chemistry and lower gas-phase abundances for oxygen and carbon (Savage & Sembach 1996) . A turbulent broadening of 1.5 km s −1 was adopted, about twice that inferred from millimetre molecular lines, but Kaufman et al. argue that the results are not too sensitive to this parameter. From Fig. 2 , which is an adaptation of figs 4 and 5 of Kaufman et al., the mean ratio of O I (63 μm)/C II of 1.67 ± 0.5 and O I (145 μm)/O I (63 μm) = 0.06 ± 0.02 constrain the mean density to be (1-5) × 10 3 cm −3 for I UV ≈ 10 3 , about an order of magnitude lower than that obtained from the molecular lines (Jansen et al. 1994) . The discrepancy stems mostly from uncertainties in PDR codes (Röllig et al. 2007 ). However, there is a possibility that the O I (63 μm) is absorbed by foreground material (Liseau 2006 ). An increase in O I (63 μm) will result in a higher O I (63 μm)/C II ratio and therefore a higher gas density. Alternatively, the low O I (63 μm)/C II testifies of a density gradient from cloud centre (where the molecules emit) to cloud edge (where most of the fine-structure lines are emitted).
We also modelled O I and C II intensities using the UCL PDR code (Papadopoulos, Thi & Viti 2002; Bell et al. 2005) . The code has been benchmarked against a couple of PDR codes (Röllig et al. 2007) . Both codes give similar results, although those from the UCL PDR code are more sensitive to the adopted turbulent velocity.
IC 63 was observed in the 12 CO 3-2 and 2-1 transitions by Jansen et al. (1994) with integrated temperature of 47.0 and 48.0 K km s −1 , respectively. We added the 12 CO 3-2 and 2-1 intensities observed towards IC 63 in the G 0 versus n H diagram (see Fig. 3 ). The CO line and fine-structure line intensities agree relatively well. For comparison, the O I 63 μm and C II line intensities toward the S140 PDR are a factor of 4 stronger (Timmermann et al. 1996) , but the ratios are similar. This ratio mainly constrains the density of the cloud (see Fig. 2 ) because of the difference in the critical density between the O I 63 μm and C II lines (see Table 1 ). 
H 2 lines
We have obtained sensitive ISO-SWS spectra for the H 2 lines down to (0. (Fig. 4) . The H 2 intensities and pseudo-continuum fluxes are summarized in Table 2 . Compared with the S140 PDR, the S(5) intensity is similar, but the S(1) intensity is a factor of 6 weaker (Li et al. 2002) . A small S(1) intensity means that the gas is hotter in IC 63 close to its surface. This is consistent with the smaller I UV of 16-60 for S140 compared to IC 63. This may also suggest that geometry, especially the orientation of the Earth compared to the direction of the PDR, plays a role. Alternatively, S140 was observed at several positions and the observations may have targeted cooler regions.
H 2 rotational diagram
In the analysis of the H 2 lines, we first construct an excitation diagram, shown in Fig. 5 . At local thermodynamical equilibrium (LTE) and in the optically thin approximation, the level population of level J is related to the total column density and excitation temperature by the equation:
where N (H 2 ) is the column density of H 2 , E J is the energy of the J th rotational level expressed in kelvin, Q(T ex ) is the partition function and g I the nuclear spin degeneracy. Because the S(2) line was not observed, no constraints on the ortho-to-para ratio (OPR) can be obtained (Sternberg & Neufeld 1999) , instead we adopted the OPR at LTE. The intensities are best fitted by two components of thermalized emission at temperatures of 106 ± 11 and 685 ± 68 K. The intensity of the S(1) line has nearly equal contributions from the two components. The inferred column density of warm H 2 at 106 K is (5.9 ± 1.8)
−0.7 × 10 21 cm −2 , while that of the hot component at 685 K is (1.2 ± 0.4) × 10 19 cm −2 . The errors within the parentheses take into account the uncertainties in the excitation temperature whereas the second error (for the 106 K component only) takes into account the OPR error assuming an LTE OPR population. The error introduced by the uncertainty in OPR for the hot component is negligible.
In regions with A V < 2, the cooling is assumed to be predominantly caused by fine-structure emission from O I, C + and [C I]. From the values in Table 2 , a lower limit of (21.8 ± 7) × 10 −5 erg s −1 cm −2 sr −1 on the total intensity in H 2 lines can be estimated. This intensity is comparable to, and maybe even higher than, the total intensity in fine-structure lines of (28.1 ± 6.4) erg s −1 cm −2 sr −1 , suggesting that the H 2 pure rotational lines are effective coolants of the edges of PDRs.
The temperature of the hot component is consistent with the ISOCAM result (630 K) but not the column density, which is a factor of ∼20 higher than in the ISOCAM study (Karr et al. 2005) . The discrepancy can be mostly attributed to the choice for the continuum emission and the blend with PAH emission features in the lowresolution spectra taken by ISOCAM. The pseudo-continuum fluxes derived from the ISO-SWS spectra are higher than the continuum fluxes extracted from the lowest background section of the ISOCAM image. The fluxes are 0.0 and 0.5 Jy at 6.9 and 9.6 μm, respectively, for the ISO-SWS pseudo-continuum (Table 2 ) while in the ISOCAM data the continuum fluxes are at ∼0.7 and ∼1.6 Jy. Alternative possibilities include differences in beam sizes between ISO-SWS and ISOCAM. ISOCAM in the CVS mode has a beam size of 6 arcsec which corresponds to 6.64 × 10 −10 sr, 10 times smaller than the ISO-SWS beam.
The total column of H 2 derived from the ISO-SWS spectra agrees well with the estimate of Jansen et al. (1994) , (5 ± 2) × 10 21 cm −2 , although a temperature rather lower than 100 K was inferred in that analysis. The excitation temperatures characterizing levels J = 0-2 and J = 3-7 are similar to those found in diffuse molecular clouds through UV absorption line observations (e.g. Spitzer & Jenkins 1975; Rachford et al. 2002) . Note that only a very small column density of hot H 2 (T ≥ 500 K) is sufficient to produce the observed intensities of the higher lines. The hot temperature is a factor of 3 higher than the maximum kinetic temperature of ∼200 K at the edge given by the (2D) PDR models of Jansen et al. (1995) . It is comparable, however, to the temperatures of 500-600 K inferred from high-J H 2 lines for other dense PDRs. As noted by and Bertoldi (1997) , such temperatures are higher than expected from pre-ISO PDR models and the standard models underproduce the observed values significantly.
Comparison with PDR model predictions
As a further analysis, we compared the H 2 line ratios to the predictions from two PDR codes: the code from Kaufman et al. (1999) and the Leiden PDR code.
First, using the grid of models of Kaufman, Wolfire & Hollenbach (2006) , the two line ratios H 2 S(1)/S(0) and S(3)/S(1) were used to constrain G 0 and the gas density n H . Their models take into account both thermal and UV excitation for the H 2 level population. The observed ratios overplotted over the grid contours are shown in Figs 6 and 7 for S(1)/S(0) = 0.97 and S(3)/S(1) = 3.45, respectively. The models do not compute ratios with H 2 S(5). The H 2 S(1)/S(0) ratio is marginally consistent with the (G 0 , n H ) values derived from the fine-structure and CO line ratios (Fig. 3) . However, the H 2 S(3)/S(1) line ratio gives a completely different answer for G 0 and n H . The Kaufman models can explain most observational line ratios apart form the one involving a high-J line.
We then use the Leiden PDR code. The PDR models of Jansen et al. (1995) for IC 63, which fit the H 2 UV and near-IR observations and which take into account thermal and UV excitation population of the H 2 levels, give fluxes in the pure rotational lines that are up to an order of magnitude too low compared with observations. Because of the high densities, the H 2 level populations are most likely thermalized up to level 3 (see critical density in Table 1) so that the H 2 S(1)/S(0) intensity ratio directly traces the temperature structure in the warm PDR layers but the S(3)/S(1) ratio is determined by both collisions and UV pumping. Both the Leiden PDR and Kaufman PDR models fail to explain the H 2 fluxes. It should be noticed that none of the models includes enhanced H 2 formation on grain surfaces at high temperatures.
To remedy the discrepancies between H 2 line observations and model predictions, Bertoldi (1997) and Allers et al. (2005) suggested that either the photoelectric heating efficiency needs to be increased or that the H 2 formation rate on grains needs to be larger at high temperatures, shifting the H→H 2 transition zone closer to the warm edge. Weingartner & Draine (1999) have calculated increased photoelectric heating efficiencies based on an enhanced dust-to-gas ratio in the PDR due to gas-grain drift, and have shown that such models can reproduce the H 2 observations of NGC 2023. Note that these comparisons include a factor of 5-10 enhancement of the models due to limb-brightening/geometry. For the case of IC 63, such effects are not expected to play a role, so that even for this simple PDR, the H 2 emission is not fully understood. The possibility of enhanced grain surface formation is discussed by Habart et al. (2004) who study the effect on increase H 2 formation rate at high temperature and find that a factor of 5 higher rate can reproduce the H 2 0-0 S(3)/H 2 1-0 S(1) ratio observed in IC 63 and other PDRs with moderate impinging UV field. The enhanced H 2 formation rate is possible at high temperature (T > 100 K) through a surface reaction between two chemisorbed H atoms (Cazaux & Tielens 2004) .
In addition of being more abundant in the warmer PDR surface, newly formed H 2 may also be ro-vibrationally excited. However, no observational evidence of this process has been found so far (Tiné et al. 2003 ) and recent experiments suggest that H 2 may actually deexcite on grain surfaces before its release in the gas phase (Congiu et al. 2009 ).
Alternatively a cloud with a shallower temperature gradient will emit more in the lowest H 2 rotational lines. The ratio between the gas temperature derived from the two lowest rotational lines to that from the high-rotational lines can be used to test this second hypothesis. One important source of heating that may create a shallower temperature gradient is cosmic rays gas interaction. Shaw et al. (2009) manage to explain the H 2 line intensities in the Orion Bar by increasing the cosmic ray flux by a factor of a few hundred with respect to the standard value.
Finally, the warm H 2 may also be located in a region of the cloud with lower density than at the cloud centre. At low density high-J H 2 levels may be populated at non-LTE. This scenario is consistent with the lower density derived from the fine-structure lines compared to the density found using molecular lines by Jansen et al. (1995) .
C O N C L U S I O N
We have observed the major cooling lines with ISO-LWS, which have made it possible to constrain the mean density. The cloud density and impinging UV flux derived from fine-structure and CO line fluxes are consistent with model predictions and observational data at other wavelengths. We have also obtained sensitive ISO-SWS spectrum for the H 2 and lines from the PDR IC 63 down to (0.1-0.2) × 10 −5 erg s −1 cm −2 sr −1 rms. The observed lines are stronger than computed in detailed PDR models that take collisional excitation in warm gas and UV pumping into account. This suggests that either the photoelectric heating efficiencies or the H 2 formation rate at high temperatures need to be re-examined. More efficient H 2 formation on warm grain surfaces enhance the H 2 emission but is still not sufficient. Recent studies have also explored stronger gas heating due enhanced cosmic ray fluxes, which results in stronger H 2 emission. Explanation invoked for high-density PDRs, such as geometry or gas-grain drift, do not apply to these regions. More sensitive searches for the higher rotational lines of H 2 are needed to constrain its excitation and determine the relative roles of UV pumping, collisions and the H 2 formation mechanism in establishing the level populations. Altogether, our results suggest that our understanding of the basic chemical processes of H 2 formation on grain surfaces is still incomplete. Furthermore, the density structure of IC 63 should be better constrained with high spatial resolution observations of fine-structure line emissions with the Herschel Space Telescope.
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